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(54) Tide: POLYMER DEVICES 

(57) Abstract 

An integrated circuit device comprising: a cur- 
rent drive switching element having an input elec- 
trode, an output electrode, a switchable region com- 
prising a semiconductive polymer material electrically 
coupled between the input electrode and the output 
electrode, and a control electrode electrically coupled 
to the switchable region so as to allow the application 
of a bias to the control electrode to vary the flow of 
current through the switchable region between the in- 
put electrode and the output electrode; and a second 
circuit element, integrated widi the switching element, 
and electrically coupled widi the input electrode of the 
switching element for receiving a drive current from 
the switching element 
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POLYMER DEVICES 

This invention relates to polymer devices, for instance transistors that comprise a 
semiconductive polymer material. 

There has been extensive work on transistors made with organic materials. 
Insulated gate field effect transistors (FETs) have been made with polymer 
semiconductors deposited by solution processing of either the polymer itself or a 
precursor to form a layer of the final polymer. Figure 1 shows the general 
structure of such a device. Under the semiconductor polymer layer 1 are two 
spaced apart metallic electrodes, the drain electrode 2 and the source electrode 3 
of the transistor. Below them are a layer 4 of Si/SiOa and a metallic gate 
electrode 5. The device acts as a switch because current flow between the 
source and drain electrodes is greatly increased when a bias is applied to the gate 
electrode. One such device, in which the semiconductor polymer is regioregular 
poly-hexylthiophene (P3HT), is described in more detail in Z. Bao et al., Appl. 
Phys. Lett. 69,4108 (1996). 

Devices of this type have several problems (see A. R. Brown et al., Science 270, 
972 (1995)). First, the through-current from the source to the drain is low because 
the electronic carrier mobility ^J is typically in the range from 10"^ to 10'® cmWs. 
(See J. H. Bun-oughes et al.. Nature 335, 137 (1988) and A. R. Brown et al., 
Synthetic Metals 88. 37 (1997)). Most solution-processed polymers have a 
disordered structure, and it is believed that in these systems the carrier mobility is 
limited by variable-range hopping between polymer chains. This low mobility 
rules out such transistors for general current-supply applications. Second, the on- 
off ratio, i.e. the ratio between the through-cun-ent in the on and off states. Is poor: 
less than 10"^ for example. Up to now a polymer transistor with a performance 
comparable to that of inorganic amorphous silicon transistors has not been 
demonstrated. As a consequence a preferred approach has been to use 
molecular (or oligomer) organic materials instead of polymers. Molecular devices 
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tend to have improved electrical performance but have severe process 
shortcomings: First, the molecules are generally deposited by vacuum 
sublimation, typically at substrate temperatures around 100-200''C. This mles out 
the use of such molecular materials on heat-sensitive substrates. Second, the 
molecular materials are generally not robust; there are serious concerns about the 
effect of cracks and microcracks in highly crystalline sublimed molecular fi|ms, in 
particular if deposited on flexible plastic substrates. Third, molecular devices are 
highly sensitive to subsequent processing steps. Attempts to post-process 
sublimed molecular films, for example to deposit subsequent layers on top of the 
sublimed films for multilayer integrated devices, have generally resulted in greatly 
reduced performance of the buried FETs. 

According to a first aspect of the present invention there is provided an integrated 
circuit device comprising:, a current drive switching element having an input 
electrode, an output electrode, a switchable region comprising a semiconductive 
polymer material electrically coupled between the input electrode and the output 
electrode, and a control electrode electrically coupled to the switchable region so 
as to allow the application of a bias to the control electrode to vary the flow of 
current through the switchable region between the input electrode and the output 
electrode; and a second circuit element, integrated with the switching element, 
and electrically coupled with the output electrode of the switching element for 
receiving a drive current from the switching element. 

According to a second aspect of the present invention there is provided a method 
for fonning an electronic device having a region comprising a semiconductive 
polymer material, the method comprising depositing the semiconductive polymer 
by a process which promotes ordering in the deposited polymer. The electronic 
device according to this aspect of the invention may suitably be a switching 
element, for example of the type as set out above in relation to the first aspect of 
the invention. 
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According to a third aspect of the present invention there is provided an integrated 
circuit device connprising: a switching element having an input electrode, an 
output electrode, a switchable region comprising a semiconductive polymer 
material electrically coupled between the input electrode and the output electrode, 
and a control electrode electrically coupled to the switchable region so as to allow 
the application of a bias to the control electrode to vary the flow of current through . 
the switchable region between the input electrode and the output electrode; and 
an electro-optical circuit element, integrated with the switching element, and 
electrically coupled to one. of the electrodes of the switching element. 

The semiconductive polymer may, for instance, be a conjugated polymer (see, for 
example, PCTA/VO90/13148, the contents of which are incorporated herein by 
reference) or an "intermolecular" semiconducting polymer like poly-vinylcarbazole 
(PVK) containing short conjugated segments connected by non-conjugated 
segments. 

An insulating layer may be deposited directly or indirectly on top of the electronic 
device. Preferably this does not substantially degrade the perfonnance of the 
device, A second circuit element (as In the first aspect of the invention) may also 
be formed, and is preferably integrated with the said electronic device. 

The second circuit element (or the opto-electrical element of the third aspect of 
the invention) is preferably an element that stores or consumes (preferably 
significant) electrical energy, e.g. by converting cun^ent to an electrical or 
optoeiectrical signal, or an element that converts an optical signal into an 
electrical signal, e.g. a voltage or a curent. The second circuit element is 
preferably not a switching element. The second circuit element is suitably 
capable of emitting or detecting light and/or varying the transmission of light 
through itself. Examples include light-emissive devices, photovoltaic devices and 
devices such as liquid crystal devices. The device may suitably emit or detect an 
optical signal, it may be a display device and/or form part of a visual display. The 
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second circuit element preferably requires a significant drive oin^nt for its 
operation. 

Where tlie second circuit element is a light-emissive element it is preferred that it 
comprises one or more light-emissive organic materials. The or each light- 
emissive organic material may be a polymer material, preferably a conjugated or 
partially conjugated polymer material. Suitable materials include poly-phenylene- 
vinylene (PPV). poly(2-.methoxy-5(2'-ethyl)hexyloxyphenylene-vinylene) (MEH- 
ppy)^ PPV-derivatives (e.g. di-alKoxy or di-alkyi derivatives), polyfluorenes and/or 
co-polymers incorporating polyfluorene segments, PPVs and/or related co- 
polymers (see, for example, PCT/WO90/13148). Alternative materials include 
organic molecular light-emitting materials, e.g. tris(8-hydroxyquinoline)aluminium 
(Alq3) (see, for example. US 4,539,507. the contents of which are incorporated 
herein by reference), or any other small sublimed molecule or conjugated polymer 
electroluminescent material as known in the prior art (see, for example, N.C. 
Greenham and R.H. Friend, Solid State Physics (Academic Press, San Diego, 
1995) Vol. 4.9, pp 1-149). The light emitted by the device may be inside or outside 
the visible spectral range (400-800 nm). In the latter case materials such as LDS- 
821 (A. Dodabalapur et al. , IEEE J. Selected Topics in Quantum Electronics 4, 67 
(1998) ) may be used. 

The light-emissive element preferably comprises a cathode for injecting negative 
charge canriers (electrons) and an anode for injecting positive charge earners 
(holes). There is preferably a region (suitably in the fonn of a layer) of light 
emissive material (suitably with other layers to improve performance) between the 
electrodes. The cathode preferably has a wori< function of less than 3.5eV if a 
cathode or greater than 4.0eV if a cathode. The material of the cathode is 
suitably a metal or alloy. Preferred materials include Sm, Yb. Tb. Ca, Ba, Li or 
alloys of such elements with each other and/or with other metals such as Al. The 
anode preferably has a wori< function of greater than 4.0eV and preferably greater 
than 4.5eV. Preferred materials include conductive oxides (such as ITO and tin 
oxide) and gold. Preferably one of the electrodes is light-transmissive to allow 
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light generated in the device to escape. In one prefen-ed configuration the output 
electrode of the switching element is also one electrode (the anode or the 
cathode) of the light-emissive element. 

The said integrated circuit device is suitably made up of layers. Preferably the 
switching element is provided by a first layer and the second circuit element is 
provided by a second layer, so that the two elements are not co-planar. There is 
suitably an insulating layer between the first layer and the second layer, and there 
may be electrically conductive interconnects that pass through the insulating layer 
to electrically connect the switching element and the second circuit element. The 
terms "first layer" and "second layer" do not Imply that the layers are deposited In 
any specific onjen either layer could be deposited first. 

There is preferably an insulating layer formed either directly or indirectly on top of 
the semiconductive polymer. The insulating layer may have a low electrical 
conductivity, it may be an inorganic dielectric such as SiOx, MgF or an organic 
dielectric such as PMMA, polyimide, or poly-vinylphenol (PVR). The insulating 
layer may be deposited by vacuum deposition techniques or solution processing. 
It may consist of a composite or a layered structure with several different 
components of different functionalities. The insulating layer may comprise a 
material that is capable of attracting residual dopants from the semiconductive 
polymer. The insulating layer preferably spaces subsequently deposited layers of 
the second circuit element from the semiconductive polymer. There may be 
means for electrical interconnection through the insulating layer, such as via holes 
preferably containing electrically conductive material. The insulating layer may 
act so as to at least partially encapsulate the semiconductor polymer. The 
insulating layer is preferably in contact with the semiconductive polymer, most 
preferably at a location between the input and output electrodes. The insulating 
layer is suitably of a material that tends to attract dopants such as oxygen from 
the semiconductive polymer. Oxygen acts as an unintentional dopant for most 
semiconductive polymers and reduces the ON/OFF cun-ent ratio of the switching 
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element. One possibility is for the insulating layer to be of a silicon oxide, 
especially a sub-stoichiometric silicon oxide (SiOx, x<2). 

Where present, the insulating layer may provide one or more further 
advantageous features. The insulating layer may have different wetting properties 
to an adjacent conductive portion of the device (e.g. an electrode) to allow 
differential wetting effects to be used to guide the deposition of material in a 
desired location. The wetting properties of the surface of the insulating layer may 
be engineered to attract or repel subsequently deposited polymer material 
(suitably solution processable polymer material) and / or to enable the fabrication 
of a multilayer structure. The insulating layer and / or the electrodes on top of the 
semicbnductive polymer may be used to overcome the solvent compatibility and 
surface wetting compatibility problems which arise when subsequent layers are 
deposited. By suitable choice of the insulating layer and its surface properties 
subsequent layers can be deposited from solvents which would otherwise 
dissolve or not wet the semiconductive polymer and / or layers undemeath. The 
insulating layer may be capable of attracting dopants such as oxygen to inhibit 
degradation of the device. The insulating layer may assist in resisting 
delamination or other forms of mechanical failure due, for example, to differential 
thermal expansion of the materials on either side of it. The insulating layer may be 
used to planarize the underlying structure. It may have a composite or layered 
structure such that the interfaces with the first and second circuit elements may 
have different and optimum properties such as strong adhesion, or good wetting 
properties. 

The switching element is preferably part of a control circuit for the second circuit 
element, such as an optical data transmission device or an active matrix control 
circuit for a light-emissive element in a visual display. 

It is preferred that in the finished device the semiconductive polymer material is, at 
least in part, ordered as between polymer chains. One preferred form of ordering 
is for the polymer chains and / or the direction of strongest electronic overiap 
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between adjacent polymer chains (n-n stacking direction) to be predominantiy in a 
plane that also includes a direction generally between the input and output 
electrodes. The polymer preferably has a conjugated backbone. The ordering 
may take the form of at least partial phase separation of the polymer. The polymer 
material is suitably a material that has a tendency to self-organise, preferably 
when dissolved in a suitable solvent. The polymer suitably has substituents either 
in or pendent from its backbone which promote ordering of adjacent polymer 
chains. The polymer may have hydrophobic sidorchains. The ordering, whether 
self-ordering or imposed ordering is preferably into a lamellar stmcture, most 
preferably having altemating layers of certain characteristics - for instance 
alternating conjugated (partially or fully conjugated) and (at least substantially) 
non-conjugated layers and/or altemating main-chain and side-chain layers. The 
lamellae are preferentially in a plane that also includes a direction generally 
between the input and output electrodes. 

One prefen-ed fonn of the semiconductive polymer material is a backbone 
comprising thiophene groups with alkyi side-chains of a length in the range from 
C3 to C12. Poly-hexylthiophene is especially prefen-ed. 

More of the components of the device may be of organic materials. One or more 
(and most preferably all) of the electrodes may comprise an organic material, 
suitable a conductive material such as polyaniline or poly-ethylene- 
dioxythiophene, PEDOT doped with polystyrenesulphonic acid (PSS) (Carter et 
al., Appl. Phys. Lett. 70. 2067 (1997)). One or more (and most preferably all) of 
the insulating layers contained in the device may be an organic insulator such as 
polymethylmethacrylate (PMMA) (see G. Horowitz et al.. Adv. Mat. 8. 52 (1996)). 
The whole device structure may be formed on an organic substrate. 

The semiconductive polymer is preferably deposited on to a smooth surface. It is 
therefore prefen-ed that the input and output electrodes are deposited over the 
semiconductive polymer and/or that the switchable region is in the form of a layer 
located between the switching electrode and the input and output electrodes. 
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The step of depositing the semiconductive polymer preferably comprises 
dissolving the polymer in a solvent in which the polymer has a tendency to self- 
organise and/or the step of coating the polymer from a solvent in which the 
polymer has a tendency to self-organise. In either case, the solvent may be 
chloroform. If the polymer is, for example, poly-hexylthiophene then the 
concentration of the polymer in the solvent may be in the range from 6 to 20, more 
preferably 1 1 to 1 5 and most preferably around 1 3mg of polymer in 1 ml of solvent. 
The method of coating is suitably spin-coating, but other processes such as ink-jet 
printing may be suitable. 

The semiconductive polymer is preferably in the form of a layer, and the thickness 
of the layer is suitably in the range from 200A to IOOOA. preferably 400A to 6OOA, 
most preferably around 500A. 

The step of depositing the semiconductive polymer is preferably performed in an 
inert atmosphere, for example nitrogen or argon. 

The step of depositing the semiconductive polymer comprises preparing a 
substrate which may consist of a sequence of layers to promote the ordering of 
the polymer and depositing the polymer onto the substrate. This suitably results 
in preferential alignment of the polymer chains and / or the direction of strongest 
electronic overlap between adjacent polymer chains (n-n stacking direction) 
parallel with the surface of the substrate. The step of preparing the substrate 
comprises making the surface of the substrate more hydrophobic and/or removing 
water from the surface and/or treating the surface with a silyiating agent. The 
substrate is preferably maintained in an inert atmosphere between such treatment 
and deposition of the semiconductive polymer. 

A method according to the present invention preferably includes the step of 
integrating an electrooptical device with the electronic device that incorporates the 
semiconductive polymer. The electrooptical device is suitably formed directly or 
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indirectly on top of the electronic device, so that the two devices are in a stacked 
rather than a co-planar arrangement. 

Alternative methods of deposition for the poiymer/copolymer materia!{s) include 
spin-, blade-, meniscus-, dip-coating, self-assembly, ink-jet printing, etc. The 
polymer material(s) are preferably solution-processible. Layers of small molecule 
materials can be deposited by vacuum sublimation, etc. 

The different layers of the device may be patterned laterally by a suitable 
technique such as shadow-mask evaporation, ink-jet printing, contact printing, 
photolithography, etc. 

In general, the electronic device is preferably a switching device, more preferably 
a transistor. 

The present invention will now be described by way of example with reference to 
the accompanying drawings, in which: 

figure 2 shows a schematic cross-section of an integrated polymer 
transistor and polymer light-emissive device; 

figure 3 shows the chemical structure of a P3HT polymer chain; 

figure 4 shows an idealised ordered P3HT stnjcture; 

figure 5 shows the output and transfer characteristics of the integrated 
transistor of figure 2; 

figure 6 shows the performance of the LED and transistor of figure 2 in 
combination; 

figure 7 shows part of a typical active matrix display circuit for cun-ent- 
switching applications; 

figure 8 shows a schematic plan view of the layout of a display device 
having an array of pixels; 

figure 9 shows the transconductance in the saturation regime of a typical 
P3HT FET at 320K and 1 44K; 
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figure 10 shows the preferred lamellar ordering of the semiconductive 
polymer with flexible side chains with the lamellae parallel to the surface of the 
substrate; 

figure 11 shows the improved perfonnance of an LED and transistor in 
combination as in figure 2 with the MEH-PPV LED replaced by a more efficient 
F8BT/BFALED: 

figure 12 shows output (top) and transfer (bottom) characteristics of a 
typical P3HT FET as in figure 1 ; 

figures 13 and 14 show integrated devices with a transistor as the first 
circuit element and a photovoltaic device (figure 13) or a light-emissive device 
(figure 14) as the second circuit element. 

figures 15 to 18 show examples of schematic structures of integrated 
devices and 

figure 19 and 20 are schematic circuit diagrams for integrated device 
arrangements. 

Figure 2 shows a multi-layer device having an integrated transistor (indicated 
generally at 10) and light-emissive device (indicated generally at 11). The light- 
emissive device uses a conjugated polymer material, MEH-PPV, for light emission 
(D. Braun and A J. Heeger, Appl. Phys. Lett. 58, 1982 (1991)). The transistor acts 
to switch the supply of current to the light-emissive device (LED), using a 
semiconductive layer of P3HT, another conjugated polymer. When a supply 
voltage is connected between source electrode 12 of the transistor and the 
cathode 13 of the LED and a bias is applied to the gate electrode 14 of the 
transistor, current flows from the source 12 through the semiconductor layer 15 of 
the transistor to the drain electrode 16. The drain 16 also acts as the anode of the 
LED so the current then flows from the drain 16 and through the light-emissive 
layer 17 of the LED to the cathode, causing light emission from the layer 17 as 
indicated at arrow ^v. Insulating layers 18, 19 of silicon oxide and a layer of n***- 
doped silicon 20 lie between the semiconductor layer 15 and the gate 14 and 
separate the source 12 from the light-emissive layer 17. A device of this type has 
not previously been feasible because of the low mobilities of typically 10^-10"^ 
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cm^/Vs (A. R. Brown et al., Synthetic Metals 88, 37 (1997)) and low through- 
current performance of prior polymer transistors compared to the relatively high 
current demands of LEDs, and the difficulties of post processing organic 
molecular transistors. For example, it has been found that highly crystalline 
molecular transistors tend to degrade significantly when subsequent layers are 
deposited on top of the active semiconductor, possibly as a consequence of 
microcrack fomriation, whereas polymer transistors have the advantage that they 
are not typically prone to this mode of failure. As will be described in niore detail 
below, through-currents in the range of 1 to lOmA/cm* have been achieved with 
the present device, combined with successful post-processing of the transistor. 
This method of fabricating the transistor, which focuses on the promotion of 
ordering in the semiconductive polymer(s) results in significantly improved 
electrical performance compared to prior art devices. The polymer transistors 
reach mobilities up to 0.1cm^A/s and ON/OFF cuaent ratios of 10^-10® which is 
comparable to the performance of inorganic amorphous silicon transistors. 

To fabricate the device a wafer is first prepared with a highly doped n*-Si layer 20 
covered by a 2300A dry themnal Si02 gate oxide layer (18) and backed by an 
aluminium gate electrode 14. The capacitance of the SiOa layer 18, C/, is 
15nF/cm^. 

P3HT for the semiconductor layer 1 5 is synthesized by the Rieke route (see T. A. 
Chen et al., J. Am. Chem. Soc. 117, 233 (1996)). P3HT of this type is 
commercially available from Aldrich. The chemical structure of the P3HT is 
shown in figure 3. The polymer chain has a conjugated thiophene (25) backbone 
(indicated generally at 26) and CeHia alkyi side-chains 27. The polymer is 
preferably highly regioregular, with head-to-tail coupling HT of the hexyl side 
chains at the 3-position of the thiophene rings suitably greater than 95 %. (Less 
regioregular polymers could be used). 

The P3HT will be spin-coated on to the Si02 layer. First, however, steps are 
taken to improve the ordering of the eventual P3HT layer and the interface of the 
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P3HT with the Si02. The aim is to support the adoption by the P3HT of the 
structure shown in an idealised form in figure 4 and figure 10. where the side- 
chains of the P3HT phase segregate, giving short-range order, and where the 
backbones of P3HT chains lie in the plane of the P3HT layer. The prefen-ed 
structure is thus of a lamellar-type, with 2-dimensional conjugated layers formed 
by the baclcbones and ti-tc stacking of adjacent chains and separated by layers of 
phase-segregated side-chains. The structure of the P3HT layer can be 
investigated using X-ray diffraction. In practice the ordering is unlikely to be 
complete - there may be localised regions (domains) of short-range order and/or 
where the chains are in the preferred orientation and other disordered regions. 
Ordering may not extend through the entire thickness of the P3HT layer: it may for 
instance be limited to regions near one or both major surfaces. Improvements in 
device performance have been found to be provided even by limited degrees of 
ordering; it is not essential for there to be full ordering throughout the P3HT layer. 

To promote the formation of an ordered lamellar structure it has been found to be 
useful to pre-treat the surface of the SiOa layer 18 (see figure 4) prior to 
deposition of the P3HT layer 15. Normally the surface of Si02 is terminated with 
hydroxyl groups, making the surface hydrophilic. A thin layer of water therefore 
tends to lie over the surface. To encourage the alkyi chains of the P3HT to the 
surface of the Si02 substrate (as shown in figure 4) the surface of the Si02 is 
treated with a silylating agent such as hexamethyldisaiazane (HMDS) or alkyl- 
trichlorosilane to replace the natural hydroxyl groups with alkyI groups (specifically 
methyl groups). After this treatment to remove the surface water and make the 
surface of the substrate hydrophobic there is a greater attraction of the P3HT's 
alkyI chains to the substrate. 

An ordered structure in the P3HT layer can also be encouraged by careful choice 
of the parameters of the P3HT deposition step itself. In certain solvents P3HT 
tends to aggregate in solution. It has been found that by supporting this tendency 
to self-organise the ordering of the final P3HT layer can be improved. A stronger 
concentration of P3HT results in greater self-organisation but (since the solution is 
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more viscous) a thicker film of P3HT after deposition. Since charge flow through 
the bulk of the P3HT is believed to have little part in the operation of the final 
device a thick film of P3HT is not preferred. Therefore, a prefen-ed process for 
deposition of the P3HT layer is to dissolve P3HT in chloroform (CHCI3) at a 
concentration of 1 3mg of P3HT to 1 mi of chloroform and spin-coat this solution on 
to the substrate at a 2000rpm spin speed to yield a film of thickness 500A. It has 
also been found to be useful to place the solution on the substrate, to leave it 
there for some time, e.g. until it appears to start to dry, and then to begin the spin- 
coating; this appears to further support self-organisation of the P3HT. 

Current flow from source to drain through the P3HT layer when a gate voltage is 
applied is believed to be generally as indicated by an-ow A in figure 2. It is 
believed that one reason why adoption of the structure illustrated in figure 4 may 
be advantageous is that the best conduction in P3HT is in the direction along the 
conjugated backbone or by n-n transfer between adjacent chains in the direction 
out of the general plane of the thiophene groups. It is believed that the P3HT may 
enhance charge conduction between the source and drain by aligning itself so 
that (as illustrated in figure 4) the plane containing those directions is parallel or 
generally parallel with the direction between the source and drain electrodes. 

After the P3HT film has been laid down, the source 12 and drain 16 electrodes 
are deposited by evaporation in high vacuum through a shadow mask at a rate of 
around 2 to 5A/s to a thickness of around 500 to IOOOA. The source and drain 
electrodes are of gold. Other materials and other methods of deposition may, of 
course be used. The electrodes may help to protect underlying layers, especially 
from dissolution during deposition of a subsequent polymer layer. The electrodes 
may help to give more unrform charge carrier injection into adjacent layers. 

The layer 19 of sub-stoichiometric silicon oxide (SiOx, where x < 2) is then 
deposited by thermal evaporation, again through a shadow mask. The mask 
defines a hole in the layer 19 over the drain electrode 16 which will define the 
location of the light-emissive region In the finished device. It is helpful to 
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mechanicaliy align the source/drain shadow mask and the shadow mask for the 
layer 19 to ensure connect location of the hole over the drain electrode. The 
insulating layer of SiOx has different wetting properties than the conducting Au 
electrode regions and the semiconductive polymer. The insulating layer and its 
wetting properties are used to enable the deposition of a continuous subsequent 
layer of the light-emissive material from solution. Jt may also be used to direct the 
deposition of the light-emissive layer into desired locations. 

A layer 17 of methoxy-5-{2-ethyl-hexyloxy)-p-phenylene vinylene (MEH-PPV) is 
then spin-coated on top of the layer 19 and the device is completed by 
evaporation of a semi-transparent Ca/Ag cathode 13 of thickness 20nm. 

The fact that no photolithography is needed in fabricating the device has clear 
advantages. 

Performing the process steps in an inert atmosphere such as nitrogen or argon 
has been found to be advantageous. Air and water tend to degrade the surface of 
the Si02 layer 18, as described above, and also seem to dope the P3HT. 
Therefore, it is preferable to store the P3HT in an inert atmosphere before use; to 
make up the P3HT solution in an inert atmosphere and to perfonn the spin- 
coating in an inert atmosphere. It should be noted, however, that once the device 
has been fabricated the P3HT is to some extent environmentally protected by 
being sandwiched between the silicon oxide layers 18 and 19. This is a 
significant advantage of the present device. Indeed, it is believed that the sub- 
stoichiometric SiOx layer 19 may act as an oxygen getter to reduce doping near 
the upper surface of the P3HT. This is important because cunrent flow at that 
surface of the P3HT is believed to contribute to charge leakage from the source to 
the drain when the transistor is in its off state. (See anrow B in figure 2). 
Reduction of doping there may therefore improve the on-off ratio of the transistor. 
The gettering effect of the SiOx layer 19 may be further enhanced by providing a 
hydrophilic layer over the P3HT layer. The bulk doping of the final P3HT layer 
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may be around 5x10^^cm*^. (This can be estimated from capacitance-voltage 
measurements). 

Figure 5 shows the output and transfer characteristics of the transistor portion of 
an example of the present device where the channel length (L in figure 2) is 
155pm, the channel width {W) is 1500pm and the source-drain voltage {V^d) is 
-80V. (Clearly, much smaller devices than this could be made, and further 
performance improvements would be expected). Figure 5 shows that the 
transistor switches on at around Vo = 0 to 4V with sharp tum-on characteristics 
with subthreshold slopes of 1 to 1.5V/decade. The on/off ratio between Vg OV 
and 1^5= -60V exceeds 10®. which represents an improvement by more than two 
orders of magnitude over the perfonnance noted in the paper by Z. Bao et al. 
cited above. The off current is believed to be limited by gate leakage through the 
oxide layer 18. These figures show that the performance of the present transistor 
device is comparable with conventional amorphous silicon (a-Si) devices (see C. 
C. Wu et al., IEEE Electron Device Letters 18, 609 (1997)). From the transfer 
characteristics in the saturation regime mobilities of /Jfet^^ = 0.05 to O.lcmWs 
can be extracted. This is also a significant improvement over the prior art. Bulk 
conductivity is also reduced and is estimated to be less than lO'^S/cm. 

Figure 6 illustrates the performance of the light emitting device in combination with 
the transistor, showing brightness of the LED (triangles) and drain cun^ent 
supplied by the FET to the LED (circles) as a function of FET gate voltage, with 
Vsd = -70V. The device used had an LED area of 300pm x 430pm and L = 75Mm, 
W= 1500pm. At Vg = -50V the FET supplies a current density of -lOmA/cm^ to 
the LED, resulting in a brightness of the order of 1 to 5cd/m^. The insert in figure 
6 shows the (linear) relationship between the drain current (Id) and the 
photocun-ent (/p) detected by a Si photodiode mounted above the LED. From this 
the external quantum efficiency of the LED can be estimated to be of the order of 
r]exc = 0.01%. More efficient light-emitting devices could be made using well- 
known techniques such as providing charge transport layers, e.g. of polystyrene 
sulphonic acid doped polyethylene dioxythiophene (PEDOT-PSS), between one 
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or both of the LED electrodes 13, 16 and the light-emissive layer, using another 
emissive material instead of MEH-PPV, or a blend of materials; or using different 
materials for the electrodes. (See D. Braun and A. Heeger, AppL Phys, Lett. 58, 
1983 (1991); and N.C. Greenham and R.H. Friend, Solid State Physics (Academic 
Press. San Diego. 1995) Vol. 49, pp 1-149). As is shown below with an LED with 
external quantum efficiency of 1% the cun-ent density of lOmA/cm^ is sufficient 
for video-brightness displays of lOOCd/m^. 

As an example for an optical data transmission element in which the device could 
be used figure 7 shows the usual circuit for controlling a pixel of an active matrix 
LED display (siee, for example, US 5,550,066, the contents of which are 
incorporated herein by reference), where line 30 is the current supply line, lines 
31a and 31b are the row and column lines, transistor 32 is the switching 
transistor, capacitor 33 is the storage capacitor, transistor 34 is the current 
transistor and 35 indicates the light-emissive pixel itself. The integrated LED and 
transistor of figure 2 could embody the pixel 35 and the transistor 34. enclosed by 
the dashed line at 36 in figure 7. This represents an especially convenient 
embodiment of such an active matrix circuit. Figure 8 shows a plan view of one 
layout that could be used in a multi-pixel display, with the current supply line 30 
running beside a row of pixels 35 and connecting the source electrodes 12 
(shown at 37 in figure 7) of those pixels' transistors together. The gates 14 
(shown at 38 in figure 7) of the transistors could be supplied from below or from 
other circuitry on the same plane. The transistors 32 could be provided by other 
transistors of the type described above and the capacitor 33 could be provided by 
an organic or inorganic dielectric layer. 

Alternative materials could be used in all the layers of the device of figure 2. 
Instead of P3HT similar polymers with longer or shorter alkyi side-chains or other 
semiconductive polymers with a tendency to self-organise could be used, such as 
poly-thienylenevinylenes (PTV) (A. R. Brown et aL. Science 270, 972 (1995)), 
poly-paraphenylenes (PPP) (G. Klamer et a!., Synth. Met. 84, 297 (1997)), poly- 
diacetylenes (K. Donovan, et al. Phil. Mag. B 44, 9 (1981)) or liquid crystalline 
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molecules and polymers. One prefen-ed approach may be to use polymers for all 
the layers, replacing the metal electrodes with a conductive polymer such as 
polyaniline and the silicon oxides with, for example, polymethylmethacrylate 
(PMMA) (see G. Horowitz et al., Adv. Mat. 8, 52 (1996)). An all-polymer device of 
this type has clear process advantages in fabrication. 

It may be advantageous for the lamellar structure to generally take the form of 
alternating layers of conjugated and non-conjugated regions of polymers. 

Poly-3-hexylthiophene is an example of a conjugated polymer with a rigid-rod 
conjugated backbone and flexible side chains. The latter make the polymer 
soluble in common organic solvents. However, the side chains are often 
electrically insulating. 

Like most other rigid-rod polymers with flexible side chains such as poly-dialkoxy- 
p-phenylene-vinylene (S.-A. Chen, E.-C. Chang. Macromoelcuies 31, 4899 
(1998)). poly-alkyl-diacetylenes, or poly-phenylene-terephthalates (for a review 
see D. Neher. Adv. Mat 7. 691 (1995)) poly-3-alkylthiophenes adopt a lamellar- 
type structure in the solid state. Two-dimensional (2D) conjugated planes are 
formed by the conjugated backbones and tt-tt interchain stacking between 
adjacent chains. The conjugated planes are separated by layers of insulating side 
chains. High charge earner mobilities in FET devices are obtained if the 
conjugated lamellae are oriented parallel to the plane of the film. If the polymer 
has no preferential orientation or if the layers are oriented normal to the film 
mobilities are by more than two orders of magnitude smaller. This is thought to be 
because in the parallel orientation charge carriers can easily move from chain to 
chain along the direction of ir-Tr interchain stacking without being hindered by the 
insulating side chains. Therefore, a lamellar structure with parallel orientation of 
the conjugated layers is most likely to yield high mobilities in rigid-rod conjugated 
polymers with flexible side chains. Other polymers that may exhibit such 
behaviour include polyfluorenes such as poly-(2,7-(9,9-di-n-octylfluorene)-3,6- 
benzothiadiazole) rF8BT'). 
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Since the general cun^ent flow in the transistor is in the direction of arrow A in 
figure 2 it may be advantageous to promote alignment of the P3HT chains in that 
direction, for example by depositing the P3HT onto a substrate with a prefen^ed 
linear orientation induced by mechanical rubbing, photoalignment (M. Sclradt et 
al., Nature 381, 212 (1996)) etc., in addition to promoting ordering in the direction 
nomnal to the plane of the P3HT layer. 

It is believed that the improved performance of the transistor described herein 
may be due to the formation of extended current transporting states. For these 
states to be formed there would be expected to be pronounced short-range, if not 
microcrystalline order. The ordered lamellar structure of the P3HT may result in 
an electronic stmcture with extended states due to the self-organised, short-range 
order and localised states associated with grain boundaries, aggregates, 
conformational defects, residual doping, etc. It may be that the Femni level (Ef) 
enters the distribution of localised states, as would for example be the case with a 
relatively broad distribution with small density of states, so that ppfrwould show a 
strong dependence on the gate voltage Vg. Figure 9 shows the transconductance 
in the saturation regime of a P3HT FET at 320K and 144K. 

It should be noted that the use of the top source and drain contacts (as shown in 
figure 2) rather than bottom contacts (as shown in figure 1) is believed to help to 
ordering of the P3HT by allowing a smooth surface for the P3HT to be deposited 
upon. However, bottom electrodes (or other electrode configurations) could be 
used. 

The use of polymer conjugated materials (such as P3HT) rather than oligomer / 
small molecule materials also provides some process advantages. Polymer 
materials can generally be deposited at room temperature, making processing 
easier and cheaper and affording compatibility with a wider range of substrate 
materials (e.g. plastics Instead of glass for a display device). Polymers are also 
generally more robust and less prone to damage during post-processing steps. 
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Another advantage of polymer devices, especially over inorganic devices, is tliat 
polymer layers are generally flexible. This can reduce problems of mismatch 
between successive layers, making multi-layer integration easier. 

Instead of supplying an organic LED as shown above, the transistor of figure 2 
could be used as part of any compatible integrated circuit, used to supply an 
optoelectrical device to emit an optical signal, or to supply an inorganic LED or 
another type of display device such as a liquid crystal pixel or a memory element, 
a logic element or another polymer transistor. The device's improved through- 
cunrent makes it especially suitable for supplying circuit element(s) that use 
significant cun-erits (for instance to perfomi a function such as emitting light or for 
the purpose of charge storage) rather than (or in addition to) merely switching. 

The SiOx layer 19 could be omitted, relying on the area of overlap of the 
electrodes 13 and 16 to define the light-emissive region of the device. In 
fabricating the device it would then be important to ensure solvent compatibility 
with the material of layer 15 during deposition of the layer 17. Avoiding this 
difficulty is another advantage of the layer 19. 

The perfomnance of FET-LED could be improved by replacing the single layer 
MEH-PPV described above with a double-layer LED using a hole transporting 
layer of poly (2,7-(9,9-di-n-octyl!fluorene) - (1 ,4-phenylene - ((3-carboxyphenyl) 
imino) -1.4-phenylene- ((3-carboxyphenyl)imino)-1,4-phenylene)) (BFA) and a 
light-emissive polymer layer of F8BT. With such a double-layer LED practical 
video brightnesses in excess of 100 Cd/m^ have been obtained (See figure 11). 

P3HT FETs with field-effect mobilities of 0.05-0.1 cm^A/s and ON-OFF cunrent 
ratio of 10^-10® have been fabricated. To obtain high ON-OFF current ratio the 
processing is performed under inert N2 atmosphere and residual doping atoms 
are reduced chemically, for example by evaporating a layer of substoichiometric 
SiOx onto the surface of the P3HT or by exposing the films to reducing hydrazine 
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vapour for a few minutes. The characteristics of such a device are shown in figure 
12. They are comparable to those of a-rSi thin-film transistors. 

Instead of transmitting an optical signal from the second circuit element (for 
example, an LED) by supplying a drive cun'ent to it from the first circuit element 
(FET), one may also detect an optical signal with the second circuit element and 
convert it into a current or voltage signal with the first circuit element. One 
possible implementation of such a function is shown in figure 13. in which the 
second circuit element is a polymer photodiode operating in either the 
photovoltaic or photocurrent mode sandwiched between a cathode and the 
floating gate electrode of a polymer transistor. When the photodiode absorbs light 
a photovoltage is developed on the gate electrode of the transistor resulting in a 
modulation of the transistor source-drain cun'ent. The configuration of this 
integrated photodiode-FET device is analogous to that of the LED-FET device 
(shown for comparison in figure 14). It could be the first stage of a circuit to 
amplify the signal from the photodiode for further processing in a logic circuit. 

In figures 13 to 18 the components of the illustrated devices are indicated by the 
following reference numerals: substrate 50, drain electrode 51. source electrode 
52, transistor active region 53, gate insulator layer 54, insulator layer 55, gate 
electrode 56. light-emissive/light-sensitive region 57, electrode 58. light direction 
arrow 59, switching current flow arrow 60. 

The active layer 57 of the polymer photodiode of figure 13 comprises a 
photoconductive polymer or a blend of photoconductive polymers in a single or 
multilayer configuration. Possible examples are blends of poly-octyl-thiophene 
(P30T) or P3HT with methoxy-5-(2-ethyl-hexyloxy)-cyano-phenylene-vinylene 
(MEH-CN-PPV) (see M. GranstrSm. K. Petritsch. A.C. Arias, A. Lux. M.R. 
Andersson. R.H. Friend. Nature 395, 257 (1998); J.J.M. Halls et aL, Nature 376, 
498(1995)). 
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The transmitter and receiver devices described above may be used together to 
form integrated optoelectronic circuits in which an optical signal is detected, and 
converted into another optical signal according to a specified logic function. The 
logic function may be executed by an integrated logic circuit with transistors as 
key elements (CJ. Dmry et al., Appl. Phys. Lett. 73, 108 (1998)). This is 
illustrated schematically in figure 19. The wavelength of the incoming and 
outgoing signals may be the same or different. Either or both of them may be 
outside the spectrum visible to the human eye. The device may be realised on a 
common substrate by integrating the detecting, transmitting and electronic 
components. The electrical power required to operate such a circuit may be 
provided by a photovoltaic cell (J.J.M. Halls et al.. Nature 376. 498 (1995)) or a 
thin-film battery (A. G. Mac Diannid, R. B. Kaner, in "Handbook of Conducting 
Polymers", ed. T.A. Skotheim. Vol. 1, p. 689 (Marcel Dekker. New York, 1986) 
integrated onto the same substrate. Some or all of the components of the 
integrated optoelectronic circuit may be organic. Some or all of the components 
may be polymers which can be processed from solution and patterned by suitable 
techniques such as ink-jet printing. 

The transmitter and receiver devices may also be fabricated on separate 
substrates. A light signal may be used to transmit data between the two devices. 
This is illustrated schematically in figure 20. 

A light transmitter and receiver may be integrated as first and second circuit 
elements in different configurations. The second circuit element may either be on 
top of the first element (figure 15), below the first element (figure 16) or next to the 
first element (figure 17). Figures 15 to 17 show example configurations. The light 
may be emitted through the top/or bottom electrode. The electrodes of the LED 
may be semitransparent (for example, thin metal films) or transparent (such as 
indium-tin-oxide conductors). 

The light may also be coupled into a waveguide (figure 18). To provide 
waveguiding the usual refractive index relationships must be obsen/ed: in this 
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case n2 > ni (air), na (SiOx), n4 (P3HT). This can be used to channel towards 
external internal ports which have optical/electrical functionality. To couple the 
light into the transistor or other elements in a lower or upper level the refractive 
index contrast may be suitably reduced or reversed so as to allow coupling 
through leaky waveguide modes or the tail of a truly guided mode. 

One or more of the layers of the device may include nanoparticles to enhance 
their operation. 

The present invention may include any feature or combination of features disclosed 
herein either implicitly or explicitly or any generalisation thereof in^espective of 
whether it relates to the presently claimed invention. In view of the foregoing 
description it will be evident to a person skilled in the art that various modifications 
may be made within the scope of the invention. 



wo 99^936 



PCT/GB99/01176 



23 

CLAIMS 

1 . An integrated circuit device comprising: 

a current drive sv\/itching element having an input electrode, an output 
electrode, a switchable region comprising a semiconductive polymer material 
electrically coupled between the input electrode and the output electrode, and a 
control electrode electricalJy coupled to the switchable region so as to allow the 
application of a bias to the control electrode to vary the flow of current through the 
switchable region between the input electrode and the output electrode; and 

a second circuit element, integrated with the switching element, and 
electrically coupled with the output electrode of the switching element for receiving 
a drive current from the switching element. 

2. An integrated circuit device as claimed in claim 1 , wherein the integrated circuit 
device is made up of layers, the switching element being provided by a first layer 
and the second circuit element being provided by a second layer. 

3. An integrated circuit device as claimed in claim 2, comprising an insulating 
layer between the first layer and the second layer. 

4. An integrated circuit device as claimed in claim 3, comprising electrically 
conductive interconnects that pass through the insulating layer to electrically 
connect the switching element and the second circuit element. 

5. An integrated circuit device as claimed in any of claims 1 to 4, wherein the 
second circuit element is a display element. 

6. An integrated circuit device as claimed in claim 1 to 5, wherein the second 
circuit element is a light-emissive element. 

7. An integrated circuit device as claimed in claim 6, wherein the light-emissive 
element comprises a light-emissive organic material. 
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8. An integrated circuit device as claimed in claim 7, wherein the light-emissive 
organic material is a light-emissive polymer material. 

9. An integrated circuit device as claimed in any of claims 6 to 8, wherein the 
output electrode of the switching element is one electrode of the light-emissive 
element. 

10. An integrated circuit device as claimed in any of claims 5 to 9, wherein the 
switching element is part of an active matrix control circuit for the display element. 

11. An integrated circuit device as claimed in any preceding claim, wherein, at 
least in part, the semiconductive polymer material is ordered as between polymer 
chains. 

12. An integrated circuit device as claimed in any preceding claim, wherein, at 
least in part, the semiconductive polymer material is phase-separated. 

13. An integrated circuit device as claimed in any preceding claim, wherein the 
semiconductive polymer material is a material that has a tendency to self- 
organise. 

14. An integrated circuit device as claimed in claim 13, wherein the 
semiconductive polymer material is a material that has a tendency to self-organise 
in a lamellar structure. 

15. An integrated circuit device as claimed in claim 14. wherein the 
semiconductive polymer material is a material that has a tendency to self-organise 
in a lamellar structure in which layers of conjugated regions alternate with layers 
of non-conjugated regions. 
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16. An integrated circuit device as claimed in any preceding ciaim, wherein the 
semiconductive polymer has a conjugated backbone, 

. 17. An integrated circuit device as claimed in any preceding ciaim, wherein the 
semiconductive polymer has substituents either in or pendent from its baclcbone 
which promote ordering of adjacent polymer chains. 

18. An integrated circuit device as claimed in any preceding claim, wherein the 
semiconductive polymer has hydrophobic side-chains. 

19. An integrated circuit device as claimed in any preceding ciaim, wherein the 
semiconductive . polymer is poly-hexylthiophene. 

20. An integrated circuit device as claimed in any preceding claim, wherein at 
least one of the input, output and switching electrodes comprises an organic 
material. 

21. An integrated circuit device as claimed in any of claims 4 to 20 as dependant 
directly or indirectly on claim 3, wherein the insulating layer comprises an organic 
material. 

22. An integrated circuit device as claimed in any preceding claim, wherein the 
switchable region is in the form of a layer located between the switching electrode 
and the input and output electrodes. 

23. A method for forming an electronic device having a region comprising a 
semiconductive polymer material, the method comprising depositing the 
semiconductive polymer by a process which promotes ordering in the deposited 
polymer. 
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24. A method as claimed in claim 23, wherein the step of depositing the 
semiconductive polymer comprises dissolving the polymer in a solvent in which 
the polymer has a tendency to self-organise. 

25. A method as claimed in claim 23 or 24, wherein the step of depositing the 
semiconductive polymer comprises coating the polymer from a solvent in yvhich 
the polymer has a tendency to self-organise. 

26. A method as claimed in any of claims 23 to 25, wherein the step of depositing 
the semiconductive polymer is performed in an inert atmosphere. 

27. A method as claimed in any of claims 23 to 26, wherein the step of depositing 
the semiconductive polymer comprises preparing a substrate to promote the 
ordering of the polymer and depositing the polymer onto the substrate. 

28. A method as claimed in claim 27, wherein the step of preparing the substrate 
comprises making the surface of the substrate more hydrophobic. 

29. A method as claimed in any of claims 23 to 28. wherein the method 
comprises depositing at least one electrode over the semiconductive polymer. 

30. A method as claimed in any of claims 23 to 29, wherein the polymer is a 
material that has a tendency to self-organise. 

31. A method as claimed in any of claims 23 to 29. wherein the polymer has a 
conjugated backbone. 

32. A method as claimed in any of claims 23 to 31. wherein the polymer has 
substituents either in or pendent from its backbone which promote ordering of 
adjacent polymer chains. 
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33. A method as claimed in any of claims 23 to 32. wherein the polymer has 
hydrophobic side-chains. 

34. A method as claimed in any of claims 23 to 33, wherein the polymer is poly- 
hexylthiophene. 

35. A method as claimed in any of claims 23 to 34, further comprising the step of 
forming a light-emissive device over the electronic device. 

36. A method as claimed in claim 35, wherein the light-emissive device is 
integrated with the electronic device. 

37. A method as claimed in claim 34 or 36. wherein the light-emissive device 
comprises a light-emissive organic material. 

38. A method as claimed in any of claims 23 to 37, wherein the electronic device 
is a switching device. 

39. A method as claimed in claim 38, wherein the electronic device is a transistor. 

40. A method as claimed in claim 38 or 39, wherein the electronic device 
comprises an input electrode, an output electrode, a switchable region electrically 
coupled between the input electrode and the output electrode and which 
comprises the semiconductive polymer material, and a control electrode 
electrically coupled to the switchable region so as to allow the application of a bias 
to the control electrode to vary the flow of current through the switchable region 
between the input electrode and the output electrode. 

41. A method as claimed in any of claims 23 to 40, wherein the wetting 
properties of the surface of the first circuit element are engineered to enable the 
deposition of subsequent layers on top of it. 
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42. A method as claimed in any of claims 23 to 41 , further comprising the step 
of fomiing an insulating layer on top of the semiconductive polymer. 

43. A method as claimed in claim 42, wherein the insulating layer is of a 
material that is capable of attracting residual dopants from the semiconductive 
polymer 

44. A method as claimed in claim 41 to 43, wherein the wetting properties of 
the surface of the insulating layer are engineered to enable the deposition of 
another layer on top of it. 

45. A method as claimed in claim 41 to 44, wherein different wetting properties 
of the surface of the insulating layer and that of adjacent conductive regions are 
used to guide the deposition of subsequent layers into a desired location. 

46. A method as claimed in claim 41 to 45. wherein the insulating layer is used 
to avoid dissolving and degradation of the layers of the first circuit element during 
the deposition or operation of the layers of the second circuit element. 

47. A method as claimed in claim 41 to 46, wherein the mechanical properties 
of the insulating layer resist delamination of the device or other types of 
mechanical failure. 

48. A method as claimed in claim 23 to 47, wherein a conducting layer 
between the first and second circuit element is deposited to ensure electrical 
compatibility between the two elements. 

49. A method as claimed in claim 23 to 48, wherein the conducting layer 
ensures uniform current injection into the second circuit element. 

50. A method as claimed in claim 23 to 49, wherein the conducting layer 
ensures efficient carrier injection into the second circuit element. 
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51. An integrated circuit device comprising: 

a switching element having an input electrode, an output electrode, a 
switchable region comprising a semiconductive polymer material electrically 
coupled between the input electrode and the output electrode, and a control 
electrode electrically coupled to the switchable region so as to allow the 
application of a bias to the control electrode to vary the flow of current through the 
switchable region between the input electrode and the output electrode; and 

an electro-optical circuit element, integrated with the switching element, 
and electrically coupled to an electrode of the switching element. 

52. An integrated circuit device as claimed in claim 51, wherein the integrated 
circuit device is made up of layers, the switching element being provided by a first 
layer and the electro-optical circuit element being provided by a second layer. 

53. An integrated circuit device comprising: 

a switching element having an input electrode, an output electrode, a 
switchable region comprising a semiconductive polymer material electrically 
coupled between the input electrode and the output electrode, and a control 
electrode electrically coupled to the switchable region so as to allow the 
application of a bias to the control electrode to vary the flow of current through the 
switchable region between the input electrode and the output electrode; and 

a second circuit element, integrated with the switching element in a 
multilayer-stack configuration, and electrically coupled to an electrode of the 
switching element. 

54. An integrated circuit device as claimed in claim 53, in which the second 
circuit element is also switching element. 

55. An integrated circuit device as claimed in claim 52 to 54, comprising an 
insulating layer between the first layer and the second layer. 
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56. An integrated circuit device as claimed in claim 55, comprising electrically 
conductive interconnects that pass through the insulating layer to electrically 
connect the switching element and the electro-optical circuit element. 

57. An integrated circuit device as claimed in any of claims 51 to 53 and 55 to 
56, wherein the second circuit element is a light-emissive element. 

58. An integrated circuit device as claimed in claim 57, wherein an input 
electrode of the electro-optical circuit element is electrically coupled to an output 
electrode of the switching element 

59. An integrated circuit device as claimed in any of claims 51 to 53 and 55 to 
56, wherein the second circuit element is a light-sensitive element. 

60. An integrated circuit device as claimed in claim 59. wherein an output 
electrode of the light-sensitive element is electrically coupled to an input electrode 
of the switching element. 

61. An integrated circuit device as claimed in claim 59. wherein an output 
electrode of the light-sensitive element is electrically coupled to the control 
electrode of the switching element. 

62. An integrated circuit device as claimed in any of claims 51 to 53 and 55 to 61 , 
wherein the opto-electrical element has an opto-electrically active region 
comprising a light-emissive and/or light-sensitive organic material. 

63. An integrated circuit device as claimed in claim 62, wherein the light-emissive 
and/or light-sensitive organic material is a polymer material. 

64. An integrated circuit device as claimed in any of claims 51 to 63, wherein, at 
least in part, the semiconductive polymer material is ordered as between polymer 
chains. 
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65. An integrated circuit device as claimed in any of claims 51 to 64, wherein, at 
least in part, the semiconductive polymer material is phase-separated. 

66. An integrated circuit device as claimed in any of wherein claims 51 to 65, 
wherein the semiconductive polymer material is a material that has a tendency to 
self-organise. 

67. An integrated circuit device as claimed in claim 66, wherein the 
semiconductive polymer material is a material that has a tendency to self-organise 
in a lamellar struicture. 

68. An integrated circuit device as claimed in claim 67. wherein the 
semiconductive polymer material is a nriaterial that has a tendency to self-organise 
in a lamellar structure in which layers of conjugated regions alternate with layers 
of non-conjugated regions. 

69. An integrated circuit device as claimed in any of claims 51 to 68, wherein the 
semiconductive polymer has a conjugated backbone. 

70. An integrated circuit device as claimed in any of claims 51 to 68, wherein the 
semiconductive polymer has substituents either in or pendent from its backbone 
which promote ordering of adjacent polymer chains. 

71 . An integrated circuit device as claimed in any of claims 51 to 70, wherein the 
semiconductive polymer has hydrophobic side-chains. 

72. An integrated circuit device as claimed in any of claims 51 to 71, wherein the 
semiconductive polymer is poly-hexylthiophene. 
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73. An integrated circuit device as claimed in any of claims 51 to 72, wherein at 
least one of the input output and switching electrodes comprises an organic 
material. 

74. An integrated circuit device as claimed in any of claims 51 to 73 as dependant 
directly or indirectly on claim 54, wherein the insulating layer comprises an 
organic material. 

75. An integrated circuit device as claimed in any of the above claims which fomns 
part of a larger circuit which may comprise any or all of the following items: 
switching elements, resistive elements, capacitive elements, photovoltaic 
elements, photoconductive elements, light emissive elements, and or energy 
storage devices. 

76. A method for fomning an electronic device, substantially as herein described 
with reference to figures 2 to 20 of the accompanying drawings. 

77. An electronic device formed by a method according to any of claims 23 to 50 
or 76. 

78. An electronic device substantially as herein described with reference to 
figures 2 to 20 of the accompanying drawings. 



wo 99/54936 



PCT/GB99/01176 



1/9 




SUBSTITUTE SHEET (RULE 26) 



wo 99/54936 



PCT/GB99/01176 



2/9 




-80 -60 -40 -20 0 20 



FIG. 5 

SUBSTITUTE SHEET (RULE 26) 



wo 99^936 



PCT/GB99/01176 



3/9 




10' 

B 



1 10'* 



•3 3 
O 

c 

1 



10 



-70 -60 -50 -40 -30 -20 -10 0 10 

V [V] 

FIG. 6 



31a- 



31b- 



32 



33 



38-^ ^37 



^-36 

FIG. 7 



^-30 
34 



SUBSTITUTE SHEET (RULE 26) 



wo 99/54936 



PCT/GB99/01176 



4/9 



30 

35 35 35 

FIG. 8 




g 

FIG. 9 



SUBSTITUTE SHEET (RULE 26) 



wo 99/54936 



5/9 



PCT/GB99/01176 




FIG. 10 



SUBSTITUTE SHEET (RULE 26) 



PCT/GB99/0II76 





-60 -40 -20 0 20 



FIG. 12 

SUBSTrrUTE SHEET (RULE 26) 



wo 99/54936 



PCT/GB99/D1176 



7/9 




FIG. 13 50 



58 




SUBSTITUTE SHEET (RULE 26) 



wo 99^936 



PCr/GB99/0I176 




SUBSTITUTE SHEET (RULE 26) 



wo 99^936 



PCT/GB99/01176 



9/9 




FIG. 19 




ELECTRICAL 
INPUT 
SIGNAL 



ELECTRONIC 
FUNCTION 



^bias 



ELECTRICAL 
OUTPUT 
SIGNAL 



FIG. 20 



SUBSTITUTE SHEET (RULE 26) 



INTERNATIONAL SEARCH REPORT 



In lileMi ApplleMien No 

PCT/GB 99/01176 



A. CLASSFICATIOM OF SUftJECT MATTER 

IPC 6 H01L27/00 H01L51/20 



According to international Patent Ciasstficatibn (IPC) or to both national dassiticatton and IPC 



8. FIELDS SEARCHED 



Minimum documentation seaicfted (daasification aystwn followed by dasstfication symbols) 

IPC 6 HOIL 



Documentation searcbed other than minimum documentation to the extent that such documents are included in tne fields searched 



Electronic data base consulted during the international search (name ot data basa and. where practical, search terms used) 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Category ' 



Citation of document, with indication, where appropnate, of the reievam passages 



Relevant to claim No. 



us 5 596-208 A (DODABALAPUR ANANTH 
21 January 1997 (1997-01-21) 
figures 2-4,10 



ET AL) 



T. N. JACKSON, Y.-Y. LIN. D. J. GUNDLACH, 
H. KLAUK: "Organic Thin-Film Transistors 
for Organic Light-Emitting Flat-Panel 
Display Backplanes" 

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM 
ELECTRONICS, 

vol. 4, no. 1, January 1998 (1998-01), 
pages 100-104. XP002110213 
the whole document 

US 5 529 533 A (HARVEY III THOMAS B ET 
AL) 13 May 1997 (1997-05-13) 
the whole docunient 

-/-- 



1.3,5.10 



1.5-8. 
10.21, 
23,76-78 



51,53 



Further documents are listed in the continuation of box C 



ID 



Paterrt family members are listed in annex. 



^ Special categories ot cited documents : 

"A" document defining the general state of the art which is not 

considered te be of particular relevance 
"E' earlier document but published on or after the international 

filing date 

"L" document which may throw doubts on priority claim(s)or 
which is cited to establish the publication date of another 
citation or other special reason (as specified) 

"O" document retening to an oral disclosure, use. exhDition or 
other means 

"P* document pubMshed prior to the mtamational filing date but 
later than the priority date claimed 



T" later document published after the mtemational filing date 
or priority date and not in conflict with the application but 
cited to understand the princ^le or theory undertying the 
invention 

"X" document of particular relevance; the claimed invention 
cannot be considered novel or cannot be considered to 
involve an inventive step when the document is taken alone 

"Y" document of particular relevance: the claimed inverrtion 

cannot be considered to involve an inventive step whan the 
document is combined with one or more other such docu* 
mems. such combination being obvious to a person skilled 
in the art. 

document member of the same patent family 



Date of the actual completion ot the intemational search 



26 July 1999 



Date of mailing of the international search report 



12/08/1999 



Name and mailing address of the ISA 

European Patent Orfice, P.B. 5618 Pstentlaan 2 
NL - 2260 HV Rijswiik 
Tel. (+31-70) 340-2040, Tx. 31 651 epo nl. 
Fax: (*31 -70) 340-3016 



Authorized officer 



Konlgstein, C 



f=emi PCT/ISA/210 (SMond ihMl) (July 19S2) 



INTERNATIONAL SEARCH REPORT 



In. itlonal ApplieaUoA No 

PCT/GB 99/01176 



C.(Cominuation> DOCUMENTS CONSIDERED TO BE RELEVANT 


Category ' 


Cittttlon of document with jrKScation,wtiore flppiopnatA. of ttio ivievani passagBS 


RAtovant to cUum No. 


X 


DATABASE INSPEC 'Online! 


1,6,7 




INSTITUTE OF ELECTRICAL ENGINEERS, 






STEVENAGE, GB 






HA E Y ET AL: "Organic light-emitting 






diode/thin film transistor Integration for 






foldable displays" 






Database accession no. 6194905 






XP002110246 






abstract 






& CONFERENCE RECORD OF THE 1997 






INTERNATIONAL DISPLAY RESEARCH CONFERENCE 






AND INTERNATIONAL WORKSHOPS ON LCD 






TECHNOLOGY AND EMISSIVE TECHNOLOGY, 






PROCEEDINGS OF 1997 INTERNATIONAL DISPLAY 






RESEARCH CONFERENCE AND WORKSHOPS. 






TORONTO ONT., CANADA, 15-19 S oaaes 






L78-L81 






lQg7 Santa Ana CA USA Soc Inf 






DiSDlav USA 




X 


BROWN A R ET AL: "LOGIC GATES MADE FROM 


1 




POLYMER TRANSISTORS AND THEIR USE IN RING 






OSCILLATORS" 






SCIENCE, 






vol. 270, 10 November 1995 (1995-11-10), 






pages 972-974, XP000644682 






ISSN: 0036-8075 






the whole document 




A 


BROWN A R ET AL: T1 eld-effect 


23-25, 




transistors made from solution-processed 


31-34. 




oraanic semiconductors" 


38,39 




SYNTHETIC METALS 30 APRIL 1997 ELSEVIER 






SWITZERLAND 






vol. 88, no. 1, pages 37-55, XP002110216 






ISSN: 0379-6779 






the whole document 




A 


BAO Z ET AL: "SOLUBLE AND PROCESSABLE 


11-19 




REGI0RE6ULAR P0LY(3-HEXYLTHI0PHENE) FOR 






THIN FILM FIELD-EFFECT TRANSISTOR 






APPLICATIONS WITH HIGH MOBILITY" 






APPLIED PHYSICS LETTERS, 






vol. 69, no. 26, 






23 December 1996 (1996-12-23), pages 






4108-4110, XP002059693 






ISSN: 0003-6951 











Foim PCT/lSA/210 (eonanuaiion of second tfitot) (July 1992) 



nana 0 f\-f ^ 



INTERNATIONAL SEARCH REPORT 



Ir. .aUenal AppUeaUon No 

PCT/GB 99/01176 



C.(ConllmMtlon) DOCUMENTS CONSIDERED TO BE RELEVANT 



Categoiy ' Citation of document, with lndie«tion.wt)aiB apprepnate. d the relevant passages 



ReiavaM to claim No. 



CARTER S A ET AL: "Polymeric anodes for 
Improved polymer. 11 ght -emitting diode 
performance" 

APPLIED PHYSICS LEHERS, 21 APRIL 1997, 
AIP USA 

vol! 70, no. 16, pages 2067-2069, 
XP002110222 
ISSN: 0003-6951 
the whole document 

FR 2 360 177 A (UNIV EDINBURGH) 
24 February 1978 (1978-02-24) 
the whole document 

MASAHIRO HIRAMOTO ET AL: "UP-CONVERSION 
OF RED LIGHT TO GREEN BY A NEW TYPE OF 
LIGHT TRANSDUCER USING ORGANIC 
ELECTROLUMINESCENT DIODE COMBINED WITH 
PHOTORESPONSIVE AMORPHOUS SILICON CARBIDE" 
APPLIED PHYSICS LEHERS, 
vol. 58, no. 11, 

18 March 1991 (1991-03-18), pages 
1146-1148, XP000209773 
ISSN: 0003-6951 

EP 0 575 187 A (MITSUBISHI CHEM IND 
;MITSUBISHI ELECTRIC CORP (OP)) 
22 December 1993 (1993-12-22) 
the whole document 



20 



51,53.59 



Foim PCT/ISAQIO <Gonlinualion ot second sheet) guly ;9A2) 



INTERNATIONAL SEARCH REPORT 

InfoffiMrtlon on pitont f wnHy nMiRiMfS 



M ttOMl AppUcation No 

PCT/6B 99/01176 



Patent documem 




Pubucation 


Patent tamHy 


PubUeaiion 


emu HI osciiui io|jwii 




date 


membef<s) 


date 


US 5596208 


A 


21-01-1997 


CA 


2164357 A 


10-06-1996 








EP 


0716459 A 


12-06-1996 








JP 


8228034 A 


03-09-1996 








SG 


33622 A 


18-10-1996 


US 5629533 


A 


13-05-1997 


NUNC 






FR 2360177 


A 


24-02-1978 


NONE 






EP 0575187 


A 


22-12-1993 


JP 


6005833 A 


14-01-1994 








DE 


69315895 D 


05-02-1998 








DE 


69315895 T 


28-05-1998 








US 


5350915 A 


27-09-1994 



Forni PCT/ISAffilO (pBtsnt lamily annex) (July 10B2) 



